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In this study, the dispersion relation has been derived to characterize the propagation of the waves
in the plasma guided by a periodical vane-type slow wave structure. The plasma is confined by a
quartz plate. Results indicate that there are two different waves in this structure. One is the plasma
mode that originates from the plasma surface wave propagating along the interface between the
plasma and the quartz plate, and the other is the guide mode that originally travels along the
vane-type slow wave structure. In contrast to its original slow wave characteristics, the guide mode
becomes a fast wave in the low-frequency portion of the passband, and there exists a cut-off
frequency for the guide mode. The vane-type guiding structure has been shown to limit the upper
frequency of the passband of the plasma mode, compared with that of the plasma surface wave. In
addition, the passband of the plasma mode increases with the plasma density while it becomes
narrower for the guide mode. The influences of the parameters of the guiding structure and plasma
density on the propagation of waves are also presented. © 2005 American Institute of Physics.
DOI: 10.1063/1.2087607I. INTRODUCTION
The surface wave- SW sustained plasma has been ex-
tensively studied over two decades. In early experimental
and theoretical studies,1,2 researches were focused on the ex-
citation of the plasma column in a cylindrical dielectric tube.
Recently, large-area SW plasma sources have been success-
fully developed to enlarge the plasma processing capability.
In Ref. 3, Komachi and Kobayashi have successfully gener-
ated a large-area SW plasma 1830 cm2 by using the trav-
eling wave excited in a planar slow wave structure, which
consisted of a polytetrafluoroethylene PTFE line 20
48 cm2, backed with an aluminum plate. In Ref. 4, Sugai
et al. have used a slot-antenna excitation structure to gener-
ate a flat surface wave plasma with a diameter larger than 30
cm. Wu and Kou have reported a SW plasma source excited
by a planar vane-type slow wave structure,5 where the uni-
form plasma area was 5025 cm2. It is usually to employ
dielectric plates in large-area SW plasma sources but this
design was unfavorable in some applications. Yamauchi
et al. have reported a novel method to solve this problem by
using periodic grooves in a metal wall.6,7 A T-junction tuning
system has been employed to excite large-area SW plasmas
in Ref. 8. A comprehensive review of advanced large-area
microwave SW plasma sources has been reported in Ref. 9.
Meanwhile, plasma resonances in SW plasma sources
have been theoretically predicted4,10–14 and experimentally
observed.15–19 Liu and Tripathi have reported the analysis of
the excitation of surface waves over metallic surface by la-
sers and electron beams.20 Jain and Parashar have provided a
comprehensive study of the couplings between surface
plasma waves and slow waves supported by anisotropic con-
ductors in Ref. 21.
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to obtain the dispersion relation of the wave in the plasma
guided by a planar vane-type slow wave structure as used in
Ref. 5. The purpose of this paper is to identify different wave
modes in this system and to characterize the transmission
properties of these waves.
II. THEORETICAL MODEL
As shown in Fig. 1, the wave propagation structure con-
sists of four regions. They are the plasma region, the dielec-
tric plate region, the air gap region, and the gap between two
vanes of the slow wave structure. The dielectric plate is used
to allow the transmission of the wave into the vacuum cham-
ber to excite plasmas. Furthermore, it is assumed that the
structure is infinitely long in the x direction or, if it is finite,
edge effects are to be neglected. Meanwhile, the charge den-
sity of the plasma is assumed to be spatially uniform. Con-
sequently, the field components of the wave can be expressed
as Fy ,z= fyexpjt− jz. A transverse-magnetic TM
mode is assumed to be excited in this structure. From the
Helmholtz equation, the z component of the electric field of
the wave satisfies the following equation:
d2Ez
dy2
+ ki
2Ez = 0. 1
In the above, i=1, 2, 3 and indicates the ith region, as shown
in Fig. 1. ki
2
=k0
2i−
2
, where k0= /c ,i is the permittivity
of the ith region, and  is the propagation constant. Other
components of the wave can be determined by the following
equations:
© 2005 American Institute of Physics4-1
ense or copyright; see http://pop.aip.org/about/rights_and_permissions
103504-2 T. J. Wu and C. S. Kou Phys. Plasmas 12, 103504 2005
DownloEy = j

k2
dEz
dy
, Hx = − j

k2
dEz
dy
,
2
Ex = 0, Hy = 0, Hz = 0.
Furthermore, the space harmonics need to be taken into ac-
count for solving the wave equation because the vane-type
slow wave structure is periodic in the z direction. From the
Floquent’s theorem, the solutions of the wave in regions I, II,
and III, can be written as follows. In the region I the plasma
region,
EzI = 
n=−

Ane−knye−jnz,
EyI = 
n=−

− jn
kn
Ane−knye−jnz, 3
HxI = 
n=−
 jp
kn
Ane−knye−jnz.
In the above, n=0+2n / p , p is the period. kn
2
=−kp
2
−n
2
and kp
2
=20p. p is the relative dielectric permittivity of
2 2
FIG. 1. Schematics of the structure of the wave propagation.the plasma and is defined as p=1− pe/ , where pe
termined by the orthogonality of the space harmonics and the
aded 23 Nov 2010 to 140.114.136.28. Redistribution subject to AIP lic= e2N /0m1/2 is the angular plasma frequency and N is the
plasma density.
In the region II the quartz plate region,
EzII = 
n=−

Bn cos ny + Cn sin nye−jnz,
EyII = 
n=−

− jn
n
− Bn sin ny + Cn cos nye−jnz, 4
HxII = 
n=−
 jq
n
− Bn cos ny + Cn sin nye−jnz,
where n
2
=k2−n
2
, k2=2q, and q is the dielectric permit-
tivity of the quartz plate.
In the region III the air gap region,
EzIII = 
n=−

Dn cos 	ny + En sin 	nye−jnz,
EyIII = 
n=−

− 
n
	n
− Dn sin 	ny + En cos 	nye−jnz, 5
HxIII = 
n=−
 j0
	n
− Dn sin 	ny + En cos 	nye−jnz,
where 	n2=ko2−n2 ,ko2=2oo, and o is the permittivity
of the air.
The wave in the region IV the gap between two vanes
of the slow wave structure is assumed to be a TEM mode
with Ez=0 at metallic boundary y=−a+h. The electric
and magnetic fields of the wave are then given byEzIV = F
sin k0a + h + y
sin k0a + h
e−j0z−jm, mp −
d
2
 z mp +
d
2
,
0, mp +
d
2
 z m + 1p −
d
2
,

6
HxIV =  j
k0
0
F
cos k0a + h + y
sin k0a + h
e−j0z−jm, mp −
d
2
 z mp +
d
2
,
0, mp +
d
2
 z m + 1p −
d
2
,
where m=0, 1, 2, 3,…, indicating the number of the period.
 is the phase shift of the wave per period.
The relations among An , Bn , Cn , En, and Dn can be de-boundary conditions at y=0 and y=b which require that Ez
and Hy must be continuous on the interfaces. As a result,
Bn ,Cn ,Dn, and En can be expressed in terms of An. Follow-
ing the method used in Ref. 22, it is assumed that the field Ez
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Downlois a constant value in the gap at y=−a and the value of Hx
averaged over the period p must be continuous at y=−a. By
waves associated with the guiding structure and the plasma,
aded 23 Nov 2010 to 140.114.136.28. Redistribution subject to AIP licthese conditions, the dispersion relation can be obtained after
lengthy algebra and is given bycot k0h
k0
= 
n=−
 1
	n
cos nb − pn/qknsin nbsin 	na + q	n/0nsin nb + p	n/0kncos nbcos 	na
cos nb − pn/qknsin nbcos 	na + 	n/0nsin nb + p	n/0kncos nbsin 	na

d
p sinh
nd/2
nd/2 	
2
. 7Although not shown here, Eq. 7 can become the dispersion
relation of a vane-type slow wave structure as shown in Ref.
22, if the thickness of the quartz plate and the plasma density
are zero.
III. ANALYSIS OF THE WAVE PROPAGATION
AND DISCUSSION
In this section, we will characterize the wave propagat-
ing in the plasma guided by the vane-type structure. As an
illustrative case, the following parameters are used in our
calculations unless otherwise state that the period p
=4.9 cm, the vane height h=1.4 cm, the width of the gap
d=3.9 cm, the thickness of the quartz plate b=2.0 cm,
and the distance between the quartz and the vane a
=3.0 cm. It is well known that dispersion characteristics of a
periodic guiding structure is a periodical function as 0p
equals to an integer number of 2, where 0p is the product
of the propagation constant of the fundamental mode of the
space harmonics and the period. Moreover, it is an even
function as well. Therefore, the dispersion characteristics of
our system are illustrated by plotting frequency versus 0p
from 0p=0 to 0p=.
For comparisons, the dispersion relation of the system
without plasma is first solved. The results are plotted in Fig.
2 as a dashed line. It demonstrates typical characteristics of
the wave propagating in a periodic slow wave structure,
showing that the phase velocity of the wave is slower than
the speed of light. The highest frequency of the passband
occurs at 0p=. The wave corresponding to this point is
usually called the  mode. Figure 3a shows the spatial
distribution of the electric field Ez of this  mode. The
shadow area indicates the region occupied by the slow wave
structure. Results illustrate that this wave mainly propagates
along the surface of the vane-type structure and exponen-
tially decays in the air gap region. Here, it has to be pointed
out that there are infinite passbands for a periodical structure
while only the lowest band is shown in Fig. 2.
The appearance of the plasma can influence the trans-
mission property of the wave. Figure 2 also shows the solu-
tions of the dispersion relation as solid lines, where the
plasma density is set to be 1.01011 cm−3. The results illus-
trate that there are two different waves propagating in this
structure. These two modes originate from the characteristicrespectively. As will be shown below, the lower passband in
Fig. 2 corresponds to the plasma surface wave mode and is
referred as the plasma mode in the following discussions. On
the other hand, the higher passband corresponding to the
vane-type structure is designated as the guide mode. This
fact can be understood by Figs. 3b and 3c, where the
spatial profiles of the  modes associated with these two
wave modes are plotted. Figure 3b is similar to Fig. 3a
but Fig. 3c is apparently different. Figure 3c manifests
that the peak of the amplitude of the plasma mode occurs at
the interface between the plasma and the quartz plate. This
result clearly shows that the wave in the lower passband is a
plasma surface wave mode. The existence of the guide mode
and the plasma mode in SW plasma sources has also been
reported in Ref. 23, where waves in a plasma column guided
by a cylindrical waveguide are analyzed.
In contrast to the dispersion curve of the vane-type struc-
ture without plasma, the passband of the guide mode now
becomes to show a cut-off frequency and a fast wave por-
tion, as illustrated in Fig. 2. The solutions of the dispersion
relations of the guide mode and the plasma mode for differ-
ent plasma densities are depicted on Figs. 4a and 4b, re-
FIG. 2. Dispersion characteristics of the guiding structure in Fig. 1 with
parameters p=4.9 cm, h=1.4 cm, d=3.9 cm, b=2.0 cm, and a=3.0 cm.
The dashed line is for the case with the plasma density =0.0, and the solid
11 −3lines are for the case with the plasma density =3.110 cm .
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Downlospectively. The passband of the plasma mode increases with
the plasma density, while it becomes narrower for the guide
mode as the plasma density increases. To understand this
result, we consider a guiding structure similar to Fig. 1 but
FIG. 3. The spatial distributions of the electric fields of which 0p= in
Fig. 2: a plasma density =0, b the guide mode, and c the plasma mode.the vane-type structure is removed. As well known, the
aded 23 Nov 2010 to 140.114.136.28. Redistribution subject to AIP licplasma surface wave can exist in this simplified structure as
well. The asymptotical upper frequency of the passband of
this structure is given by24
 = p/1 + q1/2. 8
In the above, p is plasma frequency and q is the dielectric
constant of the quartz plate. Our results are qualitatively con-
sistent to this equation which clearly implies that the upper
limit of the passband increases with the plasma density.
However, there is a difference between our result and that
predicted by Eq. 8, as illustrated in Fig. 4b. For a plasma
density equals to 1.21010 cm−3, the upper frequency pre-
dicted by Eq. 8, is 0.45 GHz which is close to our result of
FIG. 4. Dispersion characteristics of the guiding structure in Fig. 1 for
different plasma densities. Other system parameters are the same as in Fig.
2: a the guide mode and b the plasma mode.0.46 GHz. When the plasma density increases to 1.5
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but it is 1.8 GHz in our case. The difference becomes larger
as the plasma density increases. Apparently, the periodical
guiding structure limits the passband of the plasma mode. As
mentioned above, the passband of the vane-type structure
reaches its upper limit at 0p=. Note that the dispersion
curve in Fig. 4b for a lower plasma density approaches the
asymptotic limit at 0p which is much smaller than , while
dispersion curves for higher plasma densities have not
reached their asymptotical upper frequencies at 0p=.
For the guide mode, the upper limit of its passband is
mainly determined by the vane-type structure because it is a
slow wave in this frequency region and the wave is mainly
localized near the vane-type structure. Consequently, the
presence of the plasma slightly modifies the upper frequency,
as shown in Fig. 4a. However, the plasma can relatively
strongly change the low-frequency portion of the passband
of the guide mode so that the wave actually becomes a fast
wave in this region. Under this condition, the wave is not
localized near the vane-type structure. Then, the overall
thickness of the plasma area, the quartz plate, the air gap, and
the vane-type structure determines the cut-off frequency.
Furthermore, this overall thickness decreases when the
plasma density increases because the penetration depth of the
wave into the plasma reduces. As a result, the cut-off fre-
quency becomes higher with the increase of the plasma den-
sity, as show in Fig. 4a.
In Ref. 5, the height of the vane can be adjusted to fine-
tune the transmission characteristics of the slow wave struc-
ture in Fig. 1. Here, Fig. 5 plots the frequencies of  modes,
which are the upper limits of the passbands associated with
the guide mode and the plasma mode, as functions of the
height of the vane. Figure 5a shows that for the guide
mode, the frequency of the  mode decreases as the vane
height increases. This can be understood by Eq. 6. It shows
that there exists a standing wave inside the gap area. More-
over, each period of the vane-type structure forms a resona-
tor for the  mode. Therefore, the frequency of the  mode
decreases as the vane becomes longer. On the other hand,
Fig. 5b indicates that the plasma mode is relatively insen-
sitive to the variation of the vane height because the wave is
mainly localized near the interface between the plasma and
the quartz plate.
IV. SUMMARY
In summary, the dispersion relation has been derived in
this study for the waves in the plasma guided by a vane-type
slow wave structure. Solutions of this dispersion relation
show that the guide mode and the plasma mode are excited
in this structure. The plasma mode originates from the
plasma surface wave propagating along the interface be-
tween the plasma and the quartz plate. The guide mode is the
wave originally traveling along the vane-type structure. In
contrast to its original characteristics, the low-frequency por-
tion of passband of the guide mode becomes a fast wave and
there is a cut-off frequency for this mode. The passband of
the plasma mode increases with the plasma density while it
becomes narrower for the guide mode. The employment of
aded 23 Nov 2010 to 140.114.136.28. Redistribution subject to AIP licthe vane-type guiding structure has been shown to limit the
upper frequency of the passband of the plasma mode, com-
pared with that of the plasma surface wave. The upper limit
of the passband associated with the guide mode decreases
when the height of the vane increases, while the plasma
mode is relatively insensitive to the variations of the vane
height.
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